Anisotropic polyaniline (PAni) plates decorated with self-aligned nanofiber arrays were synthesized under the hydrothermal conditions. The formation mechanism of the self-assembled structures was investigated by studying the effect on PAni micro-structure with additive electrolyte in reaction system, and numerical simulation for dependence of systematic electrostatic energy on cross angles of self-assembled nanofiber arrays in grid textured PAni plates. It is proposed that the electrostatic interaction based on ionic doping charges plays an important role in the formation of the self-assembled PAni structures.
I. INTRODUCTION
Polyaniline (PAni), a versatile conducting polymer [1] with great potential applications in areas of transistors [2] , sensors [3] , memories [4] , and light-weight battery electrodes [5] , has now received avid attention in the form of one-dimensional nanostructures, because of the expectation that these nanostructures will possess the advantages of both low-dimensional systems and organic conductors, for example, PAni nanofibers, rods, and tubes [6] [7] [8] [9] [10] [11] [12] [13] . Due to the rapid development of one dimensional nanostructures, new opportunities have been opened up for the assembly of nanoscale devices and arrays by the bottom-up paradigm [17, 18] . The parallel aligned and grid nanowire arrays are two most important target structures for assembling nanoscale devices [14, 15] , and could be prepared by electricfield-directed [19] , fluidic-flow-directed [20] , LangmuirBlodgett [21] , and patterned chemical assembly [19] . Although there is a report that electrostatic repulsion helps to stabilize PAni colloids [22] , self-assembly of nanowires based on electrostatic interaction has been seldom reported. Recently, quasi-isometric paralleling aligned PAni nanofibers and perpendicularly cross aligned PAni nanofibers [13] were both obtained in the hydrothermal synthesis by our group.
In the current research, the possible formation mechanism of the self-aligned PAni nanofiber array is investigated based on both experimental observation and numerical simulation. The proposed "doping-chargeinduced self-assembling" mechanism may help to understand the polymerization process, and could provide an alternative approach for controlled assembly of hierarchical conjugated polymer devices and synthesis of designed anisotropic structures. * Author to whom correspondence should be addressed. E-mail: yshi@nju.edu.cn
II. EXPERIMENTS AND SIMULATION
The hydrothermal synthesis of PAni was according to our previously reported method [12] . In a typical synthesis, 60 mL aqueous solution of 14 mmol FeCl 3 ·6H 2 O was mixed with 70 mmol HCl, then 70 mmol aniline was added in with stirring. After the reactants were well mixed, aqueous solution was transferred immediately to the 100 mL stainless autoclave which was pre-heated to the desired temperature and adjusted to 70% volume of the autoclave inner container by deionized water. Then the autoclave was sealed and maintained under 120
• C for 6 h. After the autoclave was cooled naturally to ambient temperature, the product was washed several times by deionized water and anhydrous ethanol followed by centrifugation, and then the dark-green solid PAni was obtained when dried under vacuum for 12 h.
Herein, to investigate the effect of electrolytes on electrostatic assembly of fibers, two contradistinctive experiments were designed. In experiment A, HCl concentration was doubled to 2 mol/L; and in experiment B, 70 mmol NaCl was added in the solution with other reaction conditions remaining the same as those in the typical synthesis.
Dependence of systematic electrostatic energy on fiber-cross angles of self-assembled grid PAni plate was simulated numerically. The calculation model is schematically illustrated. The necessary parameters used in this calculation came from statistical results. 
III. RESULTS AND DISCUSSION
A. Characterization of as-prepared PAni SEM and TEM images revealed morphologies of PAni. As shown in Fig.1(a) , the SEM image indicates that the product is a complex of nanofibers and highyielding micro-scale plates; and the plates are decorated with isometric and quasi-paralleling nanofiber arrays. The further observations by TEM shown in Fig.1 (b) and (d) confirm the findings, and unravel two fine selfassembled structures of the micro-scale plates. One typical fine structure is a ladder-like structure, in which the ladder-like layer is constituted of isometric and paralleling nanofibers grown along the surface of the PAni substrate. It is noted that the orientation of the parallel fiber array does not depend on the border profile of the PAni plate, as presented in Fig.1 (b) and (c). Another structure characterized as grid-like morphology has similar features as those of the ladder-like plates but just differs in the aligned direction of some different ladder-like layers, as indicated by Fig.1 (d) and (e). The product morphologies seem to be little sensitive to the ratio of Fe 3+ to aniline monomer: the grid sample shown in Fig.1 • -90
• (note the insets in Fig.1 (d) and (e), which each contain around 25 groups of angle data). In other words, they are perpendicular to each other. The two fiber arrays with distinct orientations in the grid-like structure are not located in the same plane because the crossed region of every two fibers has obviously deeper contrast than that of a single fiber, as shown in the magnified image in the inset of Fig.1(d) . Moreover, grid texture on a single surface of PAni plate has not been observed in SEM images even though the grid textured plate is always presented in TEM images. Therefore, it is reasonable to infer that the two distinct fiber arrays are developed on the different-surfaces of PAni plate, and tend to be perpendicular to each other. The similar features between the aligned PAni fiber arrays and grid PAni plates, such as the paralleling arrangement of fibers and equal distance between fibers, indicate that similar mechanism of fiber self-assembly has featured in the formation of these two kinds of textured plates during aniline polymerization.
FTIR spectra of the samples are shown in Fig.2 . For the typical sample synthesized in 1 mol/L HCl, the absorption peaks around 1568 and 1496 cm −1 are due to the stretching vibration of the quinoid ring and the benzenoid ring, respectively [8, 23] . The absorption peak around 1150 cm −1 is generally accepted as the characteristic band of PAni, which represents the N=Q=N structure (Q denotes quinoid ring) stretching mode and is considered as an indication of the electron delocation in PAni [24] . This absorption peak, however, seems to be slightly shifted to the higher wave-number (1176 cm −1 ) in the sample synthesized in 2 mol/L HCl (experiment A) because of the electron localization caused by crosslinked structure of PAni [25] [26] [27] ; and in the sample synthesized in 1 mol/L HCl and NaCl (experiment B), the corresponding absorption peak remains almost the same (1144 cm −1 ), which indicates that the additional electrolyte NaCl in the solution affects the doping and chemical structure of PAni only limitedly. The absorption peak around 825 cm −1 is attributed to the bending vibrations of the C−H bonds within the 1,4 disubstituted aromatic ring. The absorption peaks appearing at around 736 and 692 cm −1 are assigned to the 1,2-substituted and 1,2,4-substituted aromatic ring, and indicate the existence of the branched and crosslinked structures in the samples [28, 29] . It should be noted that the plate morphology of PAni corresponds to the crosslinked PAni molecular structure [30] .
B. Formation mechanism of the self-assembled structure of PAni
Further investigation into the initial stage of polymerization revealed the formation mechanism of the self-assembled PAni structures, as schematically illustrated in Fig.3(a) . The TEM image of PAni formed at the early stage of the reaction (30 min) is shown in Fig.4(a) , and the PAni plates formed at this stage are featureless (herein, featureless plate is defined as no observation of fine structures in the resolving ability of TEM). By checking the morphological evolution of PAni, it is found that featureless plates developed first and then provided the base templates for subsequent self-assembling growth of the fibers on the plate surfaces ( Fig.1(c) ).
The self-assembling growth of fibers is started from the electrostatic absorption of fiber seeds around the plate surface, which is determined by the chemical structure of PAni plates. As is commonly known, PAni can be easily doped with protonic acid in hydrothermal conditions, as illustrated in Fig.3(b) . The HCldoped PAni is analogical to a polyelectrolyte in solution and should be positively charged with the counter chlorine anions being ionized into the surrounding solution. In general, the nitrogen atoms in the as-prepared HCl-doped PAni are capable of being positively charged up to a high proportion of 40% (N + /N total =40%, indicated by XPS analysis). So the positive-charged doped sites are more active in absorbing the counterions (Cl − ) from the environment solution and then forming electrostatic dipoles, as shown in step I in Fig.3(a) . At the same time, the oligomer radical cations (fiber seeds, positively charged) in the solution would be re-adsorbed via the electro-static interaction provided by dipoles. If there are enough monomers, the oligomer radical cations could trigger polymerization, and finally be developed into fibers, as shown in step II in Fig.3(a) .
Two groups of contradistinctive experiments were designed to demonstrate the dipole adsorption step of fiber seeds on plate edges. We chose to vary the concentration of HCl or add NaCl electrolyte in these two experiments because the electrostatic interaction of polyelectrolyte is strongly affected by the concentration of ions, especially the counter anions. In experiment A, HCl concentration was doubled; and in experiment B, 70 mmol NaCl was added. Note that in the experiment B, the additional electrolytes scarcely affect the doping structure of PAni as supported by the FTIR results, however, TEM observations of the products of these two experiments show that the synthesized plates in both experiments become featureless, as shown in Fig.4 (b) and (c). This phenomenon indicates that the attached growth of PAni fiber arrays on plates are related with the electrostatic dipole adsorption of fiber seeds on plate edges.
After the absorption of oligomer radical cations, the fiber seeds start to grow to form fibers, as illustrated in Fig.3(a) steps II and III, which corresponds to the final structure in Fig.1(b) . During the growth stage in the aqueous reaction system, because of the π-π interaction between PAni nanofibers and plates, the nanofibers trend to creep upon the surface of the plate. Besides the impact from the template, the formation of quasi-parallel self-assembled fiber arrays also benefits (Fig.4(a) ) and developed via I→II→III ( Fig.1(b) ). The grid-like structure should be developed via I→II→III→IV ( Fig.1(d) from the electrostatic interaction among the fibers, resembling the nano-scale self-assembly induced by static charge in the formation of ZnO and Ag 2 V 4 O 11 nanosprings proposed by Wang and Shen et al. [31, 32] . In the present experiment, the positive ionic charged nanofibers prevent other fibers from getting too close, keeping them at a certain distance, and then force them to form the quasi-isometric ladder-like structures. In fact, the dimensionless dielectric constant of water is decreased by 30% in the hydrothermal environment around 120
• C, which indicates that the expulsive electrostatic force between the adjacent nanofibers would be stronger than that at room temperature. In order to counterbalance the electrostatic force from both sides, the PAni nanofibers are inclined to be developed parallel with each other, as schematically illustrated in Fig.3(a) . These self-assembled structures are observed in the samples synthesized under 150 and 180
• C hydrothermal conditions, but disappear in the samples obtained at room temperature [13] .
After the formation of the ladder-like structures, if the PAni plates are still capable of adsorbing enough concentration of oligomer radical cations, the polymerization will be triggered again, as illustrated in step IV of Fig.3(a) . To reduce the energy of the whole system, for instance, electrostatic energy and surface energy, these nanofibers are grown on the other side of the plate tightly along the surface, with its direction perpendicular to the fiber array that has been formed already, and finally developed into self-assembled grid structures. The hypothesis that electrostatic force induced selfassembling formation of the grid-like structure could be explained by the qualitative simulations of calculating the dependence of minimum electrostatic energy on crossing angles of the self-assembled nanofiber arrays in grid textured PAni plate.
As is commonly known, charged ions attract counterions and form an ion atmosphere in electrolyte solution, which was proposed by Debye-Hükel in 1923. In the case of charged cylinder, recent research revealed that counterions would condense around the cylinder to reduce the bare surface charge density if its dimensionless linear charged density ξ exceeds a critical value ξ crit [33] [34] [35] . For such kind of cylinders, the electrostatic interaction among them should be calculated with the effective linear charge density instead of the raw one. The expression of effective linear charge density ρ eff is given by:
herein, ρ is the linear charge density of the nanorods. l B =e 2 /εk B T is named as Bjerrum length and represents the distance between two small univalent ions whose electrostatic interaction energy equals k B T [35] , and b=l/N means the axial length per unit charge. ξ crit given by the mean-field theory is around unit 1, however, Gerald proved that the critical point ξ crit should be modified for thick cylinders by introducing a factor, which is determined only by the intrinsic property of the electrolyte solution and PAni nanofibers [35] . So herein, ρ eff /ρ can be treated as a constant independent on crossing angle θ.
To predigest the calculation, it is reasonable to treat the grid-like structure plate as two layers of ladder-like structure on the both sides of the template, and the fibers in each layer could be further abstracted as series of paralleling lines, as schematically illustrated by Fig.5(b) . One paralleling fiber array is assumed to have been formed firstly and be fixed on the x-y plane with fibers paralleling the x-axis, and another fiber array that has distinct orientation is presumed to be tightly grown along the other surface of the template sequentially and its direction angle θ is variable. The functions of two group fiber arrays are given as following:
where parameter d stands for the distance between the axes of adjacent fibers in the same layer; n 1 , n 2 represent the number of the fibers in corresponding layers, respectively, and can be determined dynamically by the integration area, the distance d, and the angle θ. Finally, due to the space between two group fiber arrays is filled up with PAni template, not electrolyte solution, so the calculation of the electro-static energy between two fiber layers could be carried out simply by integrating the equation
Considering the Eq.(3), the electrostatic energy between the two ladder-like structure layers could be expressed as a function of direction angle θ:
where C=ρ eff 1 ρ eff 2 /4πεε 0 can be treated as a constant, ε stands for the dimensionless dielectric constant of PAni template, and D z is assigned to be the distance between two layers, and numerically equals the thickness of the template. By giving the typical values, the system electrostatistic energy is numerically simulated and exhibits strong dependence on direction angle θ, as shown as Fig.5(a) . Note that the electrostatic energy of the whole system decreases to the minimum when the crossing θ equals 90
• , and that should be a good explanation of the fact that the PAni microstructures constituted of multilayer fiber arrays tend to develop into the form of perpendicularly crossed fiber arrays, and the crossing angles between two paralleling fiber arrays are equal or very close to 90
• (as shown in Fig.1 (d) and (e)). 
IV. CONCLUSION
The micro-sized polyaniline plates with intrinsic nanofiber textures were synthesized in hydrothermal conditions, which were characterized by TEM and SEM. The discussion based on the contradistinctive experiments and numerical simulation indicates that the π-π and polycation properties of PAni play an important role in organizing and forming the self-assembled mesostructures. The electrostatic interaction induced by ionic doping charges based on the chemical structure of PAni provides an explanation for the adsorption of fiber seeds and sequential growth of the fine structures. This "doping-charge-induced self-assembling" mechanism will provide an alternative way to assemble hierarchical conjugated polymer devices and might be applicable for the controlled preparation of designed anisotropic structures.
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